The leaching of trace metals from anthropogenically contaminated sites poses the risk of groundwater pollution. Biochar has recently been proposed as a soil additive to reduce trace-metal concentrations in the soil solution and to increase water retention, thus reducing drainage. However, field studies on the effects of biochar addition on trace-metal leaching are scarce. Therefore, we added 0, 1, 2.5, and 5 g 100 g -1 of biochar derived from giant miscanthus (Miscanthus × giganteus J.M. Greef & Deuter ex Hodk. & Renvoize) to soil contaminated by former wastewater irrigation and examined water retention and cumulative leaching of Zn, Cd, Cu, and Pb in a 2-yr field study. Cumulative trace-metal leaching was determined by selfintegrating accumulators (SIAs) based on ion-exchange resins and compared with data calculated from mean concentrations in the soil solution collected with tension lysimeter plates and groundwater recharge rate. The highest rate of biochar addition increased water retention and thus reduced the amount of drainage water. Mean cumulative Zn and Cd fluxes decreased due to both reduced concentrations in the soil solution and reduced drainage. Although Cu and Pb concentrations in the soil solution increased with biochar addition, the reduced drainage resulted in similar fluxes in the biochar and the control treatment. The cumulative Zn, Cd, and Cu fluxes determined with SIAs were in the same range as the calculated values, while SIA-based Pb fluxes were much higher than those calculated. Since the suction plates excluded colloids, the high SIA-based Pb fluxes indicate colloidal transport and reveal the importance to elucidate the colloidal pathway for risk assessment.
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Biochar Reduces Zinc and Cadmium but not Copper and Lead Leaching on a Former Sewage Field
Carolin Schweiker, Anne Wagner,* Andre Peters, Wolf-Anno Bischoff, and Martin Kaupenjohann I rrigation of arable land with wastewater provides nutrients for crop production, thus reducing the use of fertilizers. However, in urban and industrial areas, large amounts of trace metals are contained in wastewater and accumulate in the soils when used for irrigation (Singh et al., 2004; Mapanda et al., 2005) . This contamination poses a risk for food production and, even after the termination of wastewater irrigation, for leaching of trace metals into groundwater (McBride, 2003) .
In the surroundings of Berlin, so-called sewage fields were used to purify untreated wastewater from private households and industry at the end of the 19th century until the 1990s. These fields were mainly of a sandy texture and poor in nutrients with a high infiltration but a low water-retention capacity. The input of organic matter and alkaline elements into these sandy soils with the wastewater increased their nutrient content, sorption capacity, pH level, and their water-retention capacity. However, trace metals, mainly Cu, Zn, Cd, and Pb also accumulated in the soils so that food production is not admissible at the present time (Ritschel and Kratz, 2000) .
With the cessation of wastewater irrigation, the pH of the soils decreased, and the accumulated organic matter partly underwent mineralization leading to a remobilization of trace metals (Grunewald, 1994) . Despite mineralization, the organic matter content of these soils is still higher (mean 3.7%; unpublished data, 2013) than on surrounding soils (mean 1.1%; Grunewald, 1994) . Water-repellent properties of the organic matter as well as drying and wetting cycles (Täumer et al., 2005; Täumer et al., 2006) lead to a very high spatial variability of the water contents and cause preferential flow. Increasing trace-metal concentrations in the soil solution and preferential flow increase the risk of groundwater contamination. Therefore, measures to reduce leaching of trace metals should be taken.
One method to reduce the mobility, and thus leaching of trace metals, is the incorporation of immobilizing additives into the soil. Recently, biochar has been suggested for in situ stabilization of trace metals on contaminated sites (Uchimiya et al., 2010; . In this context, the term biochar refers to charred organic material obtained by pyrolysis that is produced for the purpose of soil improvement or C sequestration (Lehmann et al., 2006) .
Biochar may contribute to a reduction of trace-metal leaching by (i) reducing trace-metal concentrations in the soil solution or by (ii) reducing percolated water masses. The former is achieved either by precipitation of mineral phases or by sorption of trace metals as has been shown in several short-term laboratory studies and pot experiments (Beesley and Marmiroli, 2011; Karami et al., 2011; Cao et al., 2009 ). In line with theses findings, a recent field study (Wagner, 2014) has shown that addition of biochar reduced Zn and Cd concentrations in the soil solution. However, Cu and Pb concentrations in the soil solution increased after biochar addition. Reduced Zn and Cd concentrations were explained by increased sorption after biochar addition and for Zn also by precipitation of Zn phosphate. Increased Cu and Pb concentrations correlated with increased concentrations of dissolved organic C (DOC).
Decreasing percolating water fluxes can be achieved by increasing water-retention capacity of the soil. Several laboratory studies have shown a significant increase in water retention due to addition of biochar or biochar-compost mixtures to loamy and sandy soils (Laird et al., 2010; Kinney et al., 2012; Briggs et al., 2012; Abel et al., 2013; Liu et al., 2012) . For former sewage field soil, Abel et al. (2013) reported that there was no significant modification of the plant-available water content (AWC) with biochar addition, but there was a change in the pore-size distribution from large-to more fine-and medium-size pores, which led to a higher water-holding capacity. However, literature about effects of biochar on water retention at a field scale is still scarce.
Based on the physical effect of biochar addition and findings of Wagner (2014) , we hypothesized that addition of biochar (i) increases the soil water-retention capacity on the field scale; (ii) reduces Zn and Cd leaching fluxes, since both their concentrations in the soil solution and the amount of drainage water are reduced; and (iii) has no distinct effect on Cu and Pb leaching fluxes, since their concentrations in the soil solution are increased, but the higher water-retention capacity may compensate for the increased concentrations.
Materials and Methods

Field Site and Preparation of the Field Experiments
The field site and the preparation of the field experiments are described in detail in Wagner (2014) . In brief, the field study was established in April 2011 in the area of the wastewater inlet of a former sewage field near Großbeeren, Germany (52°21¢0.36¢¢ N, 13°17¢54.8304¢¢ E). An alkaline biochar (C 73%, N 0.39%, P 1.48 mg kg -1 , pH 8.7; for further details see Wagner [2014] ) made from Miscanthus × giganteus J. M. Greef & Deuter ex Hodk. & Renvoize was added to four plots (A, B, C, and D; see Fig. 1 ) in amounts of 0, 1, 2.5, and 5 g 100 g -1 (dry weight), referred to as 0, 1, 2.5, and 5% in the following text.
The contents of trace metals and organic substance of the topsoil decrease with the distance from the wastewater inlet since trace metals cosedimented with particulate matter (Grunewald, 1994) (Table 1 ). To avoid a bias caused by differences of initial C and trace-metal contents within the subplots of each plot, the soil of each plot was homogenized before biochar addition. Therefore, the soil of each plot was excavated to a depth of 30 cm and passed through a 31-mm meshed sieve. For further homogenization, the soil was relocated and heaped up to a cone with a minidigger. The soil was then divided into four portions and corresponding amounts of biochar were properly admixed by hand. Organic C concentrations and pH before and after biochar addition are given in Table 1 . Each plot was divided by aluminum sheets into four subplots and refilled with the respective soil or soil-biochar mixtures, which were evenly compacted. The plots showed different organic C and trace-metal concentrations depending on the distance from the former wastewater inlet (Wagner, 2014) . Due to the low density of the added biochar compared with the soil, the surface level was approximately 5 cm higher with 5% biochar addition than that of the control. In August 2011, the soil was sown with orchard grass (Dactylis glomerata L.) to obtain a coherent vegetation cover. During the growth period, the individual subplots were periodically harvested separately by cutting the biomass about 5 cm above the ground using garden scissors. The size of plots A, B, and C was 4 m 2 with a size of 1 m 2 for each subplot. On plot D, the subplots with 0 and 5% biochar addition were 2 m 2 to install instruments for soil solution collection as well as for measuring suctions and volumetric water contents (intensive-measurement subplots). Additionally, each subplot was equipped with PVC (polyvinyl chloride) cartridges filled with a mixture of ion-exchange resins (Table 2) and quartz in a sandy-silty size fraction following the description of Predotova et al. (2011) and Lang and Kaupenjohann (2004) . These cartridges function as self-integrating accumulators (SIAs; TerrAquat) according to the infinite-sink principle (Binkley and Matson, 1983) by sorbing trace metals passing through the cartridges with soil-water fluxes. The resin can be extracted after removal of the cartridges from the soil and the cumulative leaching fluxes for the respective time period can be calculated.
Determination of Water-Retention Characteristic and Calculation of Cumulative Trace-Metal Fluxes
For collection of soil solution, the intensive-measurement subplots (plot D) were equipped with eight suction plates (SPs) at a depth of 30 cm (diameter 90 mm; bubble point 1000 hPa; pore size 1-1.6 mm; ecoTech), which were connected to a suction control system (SCS 8; UMS) ( Fig. 2) . For suction control, three tensiometers (T4-40; UMS) were installed on each subplot at a depth of 30 cm and the suction applied to the plates was set as the mean of three measured suctions with an additional offset of −10 hPa introduced to overcome the porous plate resistance (Morari, 2006) . The soil solutions were collected in glass bottles and removed each week if precipitation was high and each second week when precipitation was low. During the investigation period, the number of SPs that collected soil solution varied depending on the precipitation. For each sampling date, the amount of leachate per SP was recorded, and analysis of element concentrations in the soil solution was performed as described in detail in Wagner (2014) .
To detect the volumetric water content between May 2012 and May 2013, we used four time-domain reflectometry probes (TDR) (FP/mts; EasyTest), installed at the same depth as the tensiometers. Together with the suctions recorded by the three tensiometers, water-retention curves were determined for the investigation period of May 2012. This relatively short time period was used since reliable tensiometer readings were available for this period only. Thus, water-retention data were available only in a very limited suction range (Fig. 3) . To determine the field capacity, the van Genuchten water retention curve (van Genuchten, 1980 ) was fitted to the measured field data. The van Genuchten function is given by the following equation:
where q (-) is the volumetric water content, h (hPa) is the suction, a (hPa
) and n (-) are curve shape parameters, and q s (-) and q r (-) are the saturated and residual water contents. Since addition of biochar should not reduce the fraction of fine-and medium-size pores, the residual water content (q r ) for the 5% subplot cannot be lower than for the 0% subplot. Therefore, in the parameter estimation procedure for the 5% treatment, the lower boundary for q r was chosen in a way to prevent intersection of the two retention functions (Fig. 3) . This lower boundary resulted in a value of approximately 0.08 for q r for the 5% subplot. The plant-available water content is derived from the retention Table 1 . Total element concentrations and pH in soil of the plots before division into suplots and C concentrations and pH after division and biochar addition. ], where the superscript E indicates the element), the weighted mean of concentrations C mean [mg m -3 ] in the sampled soil solutions of the intensivemeasurement subplots were multiplied with the groundwater recharge for 1 yr, q c (m). The groundwater recharge rate was estimated according to the hydro-pedotransfer function (HPTF) for grassland (Wessolek et al., 2008) , whereas the C mean is given by the following:
where o is the number of suction plates installed, p is the number of sampling dates,
) is the measured element concentration in the soil solution collected with the ith suction plate at the jth sampling date, and V i,j (m 3 ) is the corresponding collected water volume. Thus, C mean is the total collected element mass divided by the total collected water volume. Thus, F c E is given by the following equation:
The resulting F c E values were multiplied by the factor 0.01 to convert them from mg m -2 into kg ha -1 for comparison with fluxes determined with SIAs (see following section).
Data necessary for determination of the groundwater recharge rate with the HPTF according to Wessolek et al. (2008) are annual precipitation (597 mm), precipitation in summer (346 mm), annual potential evapotranspiration (ET 0 ) (754 mm), and plantavailable water capacity in the effective root zone (AWCL). The AWCL is given by AWC multiplied by the effective rooting depth (L [cm] ). The effective rooting depth was set to 30 cm according to the installation depth of the measurement equipment; however, the actual effective rooting depth might be larger. Effective rooting depth is here defined in a rather heuristic way since the HPTF uses the AWCL to estimate the amount of water leaving the root zone downward, whereas we use it to estimate the amount of water leaving the upper 30 cm of the soil towards the depth at which the measurement devices were located. The ET 0 was calculated with the Penman-Monteith equation (Monteith, 1965) . The meteorological information for the calculation of ET 0 was provided by Leibniz Institute of Vegetable and Ornamental Crops (IGZ), Großbeeren, Germany, which is located at a distance of about 700 m from our field site. Only the values of the barometric pressure were taken from the closest measuring station of the Deutscher Wetterdienst at Potsdam, Germany (52°23¢ N, 13°03¢ E; http://www.dwd.de/webwerdis).
Determination of Cumulative Trace-Metal Leaching Fluxes with Self-Integrating Accumulators
On each subplot, three SIAs were installed at a depth of 30 cm and at a distance of 25 cm from the edge each. The SIAs were embedded vertically before refilling the soil and soil-biochar mixtures into the subplots and exchanged laterally from a trench dug to avoid disturbance of the mixtures above. With the biochar added and resulting elevation of the surface level, a longer flow distance (from 30 to 35 cm) was achieved. This did not affect the calculation of the groundwater recharge rate determined with the HPTF since L was assumed to be 30 cm and TDRs and tensiometers were installed at a depth of approximately 30 cm from the surface for both the control and the 5% treatments. However, a minor effect on cumulative leaching fluxes determined with SIAs cannot be excluded.
The for the investigation period 2011 was 436 mm, with unusually heavy rainfall of 196 mm in July 2011 (data from IGZ). For the investigation period 2012, precipitation was 517 mm. The investigation periods were chosen because of similar precipitation amounts.
After removing the SIAs, the cumulative trace-metal fluxes were determined according to the instructions of TerrAquat Consultancy (Nürtingen, Germany). The resin-sand mixture of the SIAs was split into three layers (from top: A, 0-5 cm; B, 5-6 cm; and C, 6-9 cm). The C layer was necessary only for the prevention of metal diffusion into the B layer and was not analyzed. The A layer was used for determination of the cumulative trace-metal fluxes. The B layer in the middle was used as a blank and values determined were subtracted from those of the A layer. Separately, for the A and the B layer, the resin-sand mixtures were homogenized properly and extracted in duplicate. For extraction of the ion-exchange resin, aliquots of the samples (15 g) were mixed with 50 mL 0.5 M H 2 SO 4 (Rotipuran; Carl Roth GmbH & Co) and shaken end-over-end for 30 min. The supernatant was decanted through a folded filter (no. 131; Munktell & Filtrak) . This process was repeated with another 50 mL 0.5 M H 2 SO 4 . The trace-metal concentrations in the extracts were determined using inductively coupled plasma optical emission spectrometry (iCAP 6000 ICP Spectrometer; Thermo Fisher Scientific). The difference from the mean value of the two extractions was generally below 10%. In a few cases only, the difference from the mean value was between 10 and 15% and may be attributable to the heterogeneity of element concentrations in the ion-exchange resin. Cumulative tracemetal leaching fluxes were calculated on the basis of the tracemetal concentration in the extract and the surface of the SIA box (81.67 cm 2 ) and converted into kg ha 
Statistics
To test whether biochar addition had a significant effect on trace-metal leaching fluxes determined with the SIAs, we performed linear regressions using Statistica 6.0 (StatSoft), where the effectively added amount of C for each subplot (given in Wagner, 2014) was the independent variable, and the cumulative flux of each element was the dependent variable. Data of the trace-metal fluxes from both investigation periods (2011 and 2012) were taken to yield a sample size of n = 96. All data were log-transformed and normalized to achieve a normal distribution of the residuals. To the amount of C, a surplus of 10 was added. The normalization of the values for each trace metal (n HM ) was performed subtracting the respective average value (AV) divided by the standard deviation (SD) from each investigation period from the log-transformed concentrations (log HM ) of each trace metal:
Results and Discussion
Water Budget and Calculated Cumulative Trace-Metal Leaching Fluxes
The water content in the control treatment varied between 5.3 and 36.5%, and in the 5% biochar treatment between 11.9 and 44.5% during the measuring period from May 2012 to May 2013 (Fig. 4) . The differences in water content were particularly pronounced in the first months (May to June 2012), where the water contents in the subplot with 5% biochar addition were higher by approximately 10 to 15% compared with the control subplot; from September 2012 to October 2012, they were higher by approximately 5 to 10%. In the summer of 2012, the water content of both treatments were similar. After October 2012, the variability of the water content within the treatments increased, and no distinct differences in the water content could be observed. However, the water content in the 5% treatments tended to be higher from February 2013.
Since biochar addition did not affect plant growth (Wagner, 2014) until May 2012, the water loss due to transpiration is assumed to be equal for both subplots. Therefore, the high water content of the 5% treatment at the beginning of our measurements is probably attributable to an increased waterretention capacity due to biochar addition. Such an increased water retention can be explained by two processes: (i) an increase in the fine-to medium-size pore fraction and (ii) a decrease of water repellency, which is very pronounced on former sewage field soils (Täumer et al., 2005 (Täumer et al., , 2006 . The former process has been reported by Abel et al. (2013) in a laboratory study. The latter is in accordance with findings of Kinney et al. (2012) who have shown that water repellency of biochars drastically decreased with increasing pyrolysis temperatures, and the biochars produced at temperatures higher than 500°C were nonrepellent. Thus, a great volumetric fraction of nonrepellent material with a potentially high water-holding capacity was added with the biochar.
Similar water content from mid-June to mid-August 2012 can be explained by the higher biomass production after May 2012 on the 5% treatment subplot (Wagner, 2014) and the accompanying higher water loss due to transpiration. Furthermore, the summer months of 2012 were characterized by very humid conditions with frequent rainfall (Fig. 4) so that water-repellent spots in the control treatment have probably become nonrepellent, which is in accordance with Täumer et al. (2006) . In autumn 2012, the water content in the 5% subplot was again higher, which is in agreement with the lower frequency and quantity of rainfall at that time and thus the higher probability of water repellency in the control treatment (Täumer et al., 2006) . The high variability of water contents within the treatments since October 2012 reflects the high heterogeneity of potentially water-repellent spots, which rewetted on very different time scales.
The water retention capacity in May 2012 was drastically increased by biochar addition (Fig. 3) . The water content at field capacity [pF 1.8; pF º log 10 (suction in cm)] doubled from approximately 19% in the control to approximately 37% in the 5% treatment. Using the van Genuchten retention function, the water content at wilting point could be roughly estimated. The AWC increased from 13.3% in the control treatment to 28.8% in the 5% treatment. The estimated saturated water content in the control subplot was lower than the measured water content in July and Aug. 2013. This discrepancy can be explained by nonstatic soil water retention characteristics due to time-variable water repellency. Thus, the determined water retention characteristics in Fig. 3 can only be regarded as a rough estimate. However, the increased water retention capacity determined in this field study is in accordance with results obtained in laboratory studies (Abel et al., 2013; Briggs et al., 2012; Liu et al., 2012) .
The groundwater recharge rate calculated according to the HPTF was 112 mm yr Higher Cu concentration on the one hand and less water leaching on the other after biochar addition resulted in similar calculated cumulative leaching fluxes for Cu in the 0 and 5% treatments. The leaching fluxes of Pb were still higher for the 5% treatment than for the 0% treatment (Table 3) .
Trace-Metal Leaching Fluxes Determined with SIAs
The mean cumulative Zn and Cd fluxes in 2011 were 2.94 and 0.025 kg ha -1 in the control and decreased with increasing biochar addition to 1.48 and 0.021 kg ha -1 , respectively, in the 5% treatment (Fig. 5) . In 2012, the cumulative Zn and Cd fluxes in the controls and the biochar treatments were in the same range as in 2011. The reduction of these fluxes with biochar addition was significant for both metals (Zn, p = 0.000002; Cd, p = 0.039). However, the coefficient of determination was low (Zn, r 2 = 0.214; Cd, r 2 = 0.045) due to the high spatial variability. Mean cumulative Cu and Pb fluxes of the controls were 1 kg ha -1 and 0.24 kg ha
, respectively, in 2011, and in 2012 they were in the same range as in 2011 (Fig. 5) . Biochar addition had no significant effect on cumulative Cu and Pb fluxes (Cu, p = 0.576477; Cu, r 2 = 0.003; Pb, p = 0.379514; Pb, r 2 = 0.008). For the cumulative trace-metal fluxes determined with SIAs, we found a high spatial variability shown by the coefficients of variation (CVs) of 22 to 102% in 2011 and 23 to 59% in 2012 with no distinct differences between treatments. The CVs are much higher compared with those reported for trace-metal fluxes determined with SIAs by Lang and Kaupenjohann (2004) (20%) under forest soils at a depth of 3 to 11 cm. The higher CVs in this study may be explained by preferential flow caused by the spatially and temporally variable extent of water repellency on sewage field soils (Täumer et al., 2005; Täumer et al., 2006) and the greater installation depth of 30 cm in our study. The latter can lead to a higher variability in water-flow pathways and solutes (Flury et al., 1994; Flühler et al., 1996) . In addition, different total metal contents of the plots A through D before biochar addition, depending on the distance to the former wastewater inlet, may contribute to the high variability of the trace-metal fluxes of the soils.
The cumulative fluxes of Zn, Cd, and Cu determined with the SIAs (plot D) were generally in good agreement with those calculated on the basis of mean element concentration and groundwater recharge rate (Fig. 6 ). In contrast, the cumulative Pb fluxes of the 5% treatment and also of the control treatment determined with SIAs were 10 and 30 times, respectively, higher than the calculated values. This may be attributable to the ability of the SIAs to sample Pb in an organically complexed form and colloidal form, at least in part, as reported by Lang and Kaupenjohann (2004) . Also Miller and Friedland (1994) reported that lysimeter studies underestimate Pb leaching fluxes compared with Pb leaching fluxes calculated on the basis of changes in the Pb quantities in the organic soil layer. The authors assumed that the colloidal transport may considerably contribute to Pb leaching fluxes but is not included in lysimeter studies since lysimeters exclude particles and large organic molecules. High colloidal proportions of Pb in the soil solutions were also detected in the pot experiments by Wagner and Kaupenjohann (2014) . For Cu, the ratio of reduction with biochar addition was similar for the SIA-detected and the calculated cumulative leaching fluxes. In the pot experiments, there was no indication of a colloidal transport of Cu, which we attributed to complexation with dissolved organic carbon. Bolea et al. (2006) have shown that Cu is mainly associated with DOC of low molecular weight (<10 kDa). Such small complexes seem to be collected by both sampling systems. For Zn and Cd, the reduction of the cumulative fluxes with biochar addition detected with SIAs was slightly lower than expected on the basis of the calculated values which might also indicate increased colloidal transport with biochar addition as already shown in the pot experiments by Wagner and Kaupenjohann (2014) . The SPs used in this study have already shown to retain colloids (Ilg et al., 2007) . However, little is known about the ability of SIAs to retain colloids of different nature.
Conclusions
This study shows that the application of biochar to sandy soils with high organic matter contents is suitable to increase their water retention capacity on the field scale. This could be an additional benefit for plant growth and could enhance the potential of biochar to reduce Zn and Cd fluxes not only due to reduced concentrations in the soil solution but also due to reduced drainage of water. The increased water retention compensates increased Cu and Pb concentrations with biochar addition so that, with respect to groundwater pollution, the negative mobilizing effect can be attenuated. Considerably higher Pb fluxes determined with SIAs compared with the calculated values indicate that with SIAs also colloidal Pb is detected. This also underlines the importance of determining the colloidal pathway for risk assessment. However, the suitability of SIAs to detect different kinds of colloids should be studied in detail. 
